Background: miR-378 regulates osteoblast differentiation and participates in tumor cell selfrenewal and chemo-resistance. However, the function of miR-378 in liver cancer cell migration has not been reported to date. Methods: miR-378 expression was examined using real-time quantitative PCR. HepG2 cell migration and liver cell invasion were examined using woundhealing and cell invasion assays. Additionally, HepG2 cell metastasis was analyzed in nude mice. Results: miR-378 over-expression enhances HepG2 cell proliferation, migration and liver cell invasion. Typical metastatic lesions were found in the livers of mice injected with miR-378-transfected cells, and high levels of the CMV promoter were detected in the nodules, indicating that miR-378 promoted the metastasis of the tumor cells to the liver. We also demonstrated that miR-378 down-regulated Fus expression. Conclusions: Our results suggested that miR-378 enhanced cell migration and metastasis by down-regulating Fus expression.
MiR-378 Promotes the Migration of Liver Cancer Cells by Down-Regulating Fus Expression
Introduction miRNAs are single-stranded RNAs that are 18-24 nucleotides and that are generated by an RNase III-type enzyme from an endogenous transcript containing a local hairpin structure [1, 2] . miRNAs pair with the messages of protein-coding genes to direct posttranscriptional repression [3] and target mRNAs based on sequence complementarity with target 3′-untranslated regions (3′-UTRs), leading to translational repression and/ or to mRNA cleavage [4] . miRNAs are involved in cell differentiation [5] , apoptosis [6] , cell proliferation [7, 8] , division [9] , protein secretion [10] , immune regulation [11] , viral infection [12] , cancer development [13, 14] , invasion [15, 16] , tissue morphogenesis and growth [17, 18] , angiogenesis [19, 20] and metastasis [21] . The largest functional group of miRNAs are those miRNAs involved in cancer development, and among these, some have been reported to function as oncogenic miRNAs or tumor suppressors, whereas others exert diverse functions [22] .
Many miRNAs, including miR-206, miR-17, miR-15, miR-124, and miR-29 [23, 24] , are down-regulated in various cancers and have the potential to act as tumor suppressors. Additionally, some miRNAs, such as miR-378, are over-expressed in diverse cancers and seem to function as oncogenes [15, [25] [26] [27] [28] . Previous studies have indicated that miR-378 can promote cell survival, tumor growth, and angiogenesis in glioblastoma cells [26] . miR-378 regulates osteoblast differentiation [28] and participates in tumor cell self-renewal and chemo-resistance [27] . However, the function of miR-378 in liver cancer cell migration has not been reported thus far. The Fus-1 protein is a tumor suppressor that has been established as a mitochondrial tumor suppressor, immunomodulator, and antioxidant protein. The loss of Fus1 results in an autoimmune-like syndrome with chronic inflammation and the spontaneous formation of both vascular tumors and lymphomas. Recent studies have shown that Fus-1 plays important roles in carcinogenesis [29] . The Fus-1 3′ UTR includes a potential target sequence of miR-378 in nucleotides 748-770. Fus-1 is reported to function as a tumor suppressor gene and is located on human chromosome 3p21.3. Fus-1 can significantly inhibit tumor cell growth in vitro and in vivo. We report that stable expression of miR-378 plays a role in tumor growth and migration by down-regulating Fus.
Materials and Methods

Cell lines and transfection
Human liver cancer cells (HepG2) were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 100 U/ml penicillin/streptomycin in an incubator with 5% CO 2 at 37°C. The cells were studied while in the exponential growth phase. HepG2 cells (3×10 5 per well) were transfected in 6-well plates with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were transfected with 3 μg of the miR-378 plasmid, anti-378 plasmid, or GFP plasmid control [26] . Then, stably transfected cells were selected using G418 (Gibco) and cell sorting (BD Company). After selection, the transfected cells were harvested, and miR-378 expression was detected by RQ-PCR.
Cell proliferation assays miR-378-, anti-miR-378-and GFP-transfected cells were seeded in 96-well tissue culture plates at 3×10
3 cells per well. Cell proliferation was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (BBI). miR-378-, anti-miR-378-and GFP-transfected cells were grown in 96-well cell culture plates in 10% FBS medium, and then the medium was replaced with 20 μl of MTT reagent (5 mg/ml) and incubated in 5% CO 2 at 37°C for 0.5 and 4 h. Then, the medium was aspirated, and 100 μl of dimethyl sulfoxide (DMSO, Sigma-Aldrich) was added to each well. The optical density was measured using a microplate reader.
Wound-healing assay
Cells were plated at 3×10 5 /dish in 6-well tissue culture plates. After the cells reached confluence, a plastic pipette tip was drawn across the center of the plates to produce clean 1-mm-wide wound lines. Cell movement into the wound area was examined and photographed at different time points (3 and 24 h) under a microscope. The distance between the leading edge of the migrating cells and the edge of the wound was measured to estimate cell mobility.
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Cell invasion assay The cell invasion assay was performed as described previously [30] . Briefly, cells were seeded into 8-μm cell culture inserts and placed in 24-well cell culture plates. The upper chamber was coated with 100 μl of diluted Matrigel (1 mg/ml). The lower chamber was filled with 600 μl of 10% FBS-DMEM medium. Cells (1×10
5
) in 100 μl of serum-free DMEM medium were gently loaded onto each filter insert (upper chamber) and then incubated at 37°C for 24 h. The filter inserts were removed from the chambers, fixed with methanol for 5 min and stained with Harris' hematoxylin for 20 min. The samples were subsequently washed, dried and mounted onto slides. The invasive cells were stained blue, visualized under an inverted microscope and then counted in six random fields for statistical analysis.
Flow cytometry In total, 5×10
5 cells were scraped with cell scrapers and washed twice with FACS solution (PBS containing 2% FBS and 0.1% NaN 3 ). The cells were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 for 15 min, and then washed twice with FACS solution. The cells were incubated with a rabbit monoclonal antibody against the Fus protein (Sigma-Aldrich) at 60 µg/ml for 30 min on ice, then washed twice with FACS solution and incubated with goat anti-rabbit IgG-DyLight 647 (Jackson) at a dilution of 1:100 for 30 min on ice in the dark. After washing twice with FACS solution, Fus expression on the cells was analyzed by flow cytometry.
Metastasis in nude mice
The miR-378-, anti-miR-378-, and GFP-transfected HepG2 cells were cultured in 10% FBS-DMEM at 37°C with 5% CO 2 to sub-confluence. The medium was replaced with fresh 10% FBS-DMEM 24 h before the cells were harvested for injection into the mice. The transfected cells (5×10 5 cells in 200 μl DMEM) were intraperitoneally injected into five-week-old BALB/C nude mice. The mice were grouped at random, with 5 mice in each group. All mice were sacrificed four weeks after injection. At necroscopy, the lungs and livers were dissected carefully and frozen in -80°C for subsequent analysis.
To analyze metastasis, the mouse lung and liver tissues were homogenized, and the genomic DNAs were isolated using a Gentra Puregene Kit (Qiagen) according to the manufacturer's instructions. The tumor burden for each individual tissue was measured using real-time quantitative PCR (RQ-PCR). The primers used were as follows: CMV forward (5'-gtc atc gct att acc atg gtg atg cgg-3′) and CMV reverse (5'-agc tct gct tat ata gac ctc cca ccg-3′) for genotyping; β-actin forward (5'-ccg gca tgt gca aag ccg gct tcg-3′) and β-actin reverse (5'-ctc att gta gaa ggt gtg cc-3′) for the loading control.
Western blot analysis
Cell lysates were prepared from HepG2 cells expressing different constructs and subjected to SDS-PAGE electrophoresis on a 12% separating gel with a 4% stacking gel section. The lysis buffer contained protease inhibitors (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and 1× protease inhibitor cocktail). The SDS-PAGE-separated proteins were transferred onto a nitrocellulose membrane (Bio-Rad) in Tris-glycine buffer containing 20% methanol. Then, the membrane was blocked in PBST containing 3% BSA for 2 h at room temperature with gentle shaking. Next, the membrane was incubated at 4°C overnight with primary antibody. The next day, the membrane was washed with PBST (4×15 min) and incubated at room temperature with secondary anti-rabbit antibody conjugated to horseradish peroxidase in PBST. After washing as described above, the bound antibodies were visualized using a Chemiluminescent HRP Antibody Detection Kit (GE Healthcare Life Sciences).
Real-time quantitative PCR (RQ-PCR)
Total RNA was extracted from 1×10 6 cells using a mirVana miRNA Isolation Kit (Ambion) according to the manufacturer's instructions, followed by reverse transcription to synthesize cDNA using 1 μg of RNA. This PCR reaction was performed using a QuantiMir RT Kit with 1 μl of cDNA as a template (Qiagen, miScript Reverse Transcription Kit, cat#218060; miScript Primer Assay, cat#218411; miScript SYBR Green PCR Kit, cat#218073). The mature miR-378-specific primers were purchased from Qiagen. The primers used as realtime PCR controls were human-U6RNAf and human-U6RNAr. The primer sequences for the controls were as follows: human-U6RNAf (5′-gtg ctc gct tcg gca gca cata tac-3′) and human-U6RNAr (5′-aaa aat atg gaa cgc ttc acg aat ttg-3′).
Results
miR-378 promoted liver cancer cell proliferation
We transfected miR-378, anti-miR-378 or GFP vector into HepG2 cells and selected transfected cells using neomycin and cell sorting. We observed the effect of transfection by fluorescence microscopy and detected miR-378 expression by RQ-PCR. Increased miR-378 expression in miR-378-HepG2 cells and decreased miR-378 expression in anti-378-HepG2 cells were observed by RQ-PCR (Fig. 1A) .
To study the role of miR-378 in regulating cell growth, the miR-378-, anti-miR-378-and GFP-transfected HepG2 cells were subjected to proliferation assays. Cell proliferation was determined by the MTT assay after cell inoculation. The result showed that miR-378-HepG2 cells proliferated faster than GFP-HepG2 cells and the anti-378-HepG2 cells (Fig. 1B) . These experiments revealed that miR-378 expression promoted HepG2 cell proliferation.
miR-378 expression enhances liver cancer cell migration
Wound healing experiments were performed to define the functions of miR-378 in liver cancer cell migration. The miR-378-, anti-miR-378-and GFP-transfected HepG2 cells were maintained in 10% serum media at equal cell densities overnight. The next day, subconfluent monolayers were wounded linearly by scraping with P100 pipette tips, washed to remove cell debris and refilled with fresh 5% serum media. The result showed that the miR-378-transfected cells promoted HepG2 cell migration more than the GFP-transfected cells in 5% serum media (Fig. 2) , suggesting that miR-378 enhanced the migration of the HepG2 cells to the wounded area.
Effect of miR-378 on liver cancer cell invasion
We found that miR-378 expression affects tumor migration. We further tested the effect of miR-378 on liver cancer cell invasion. The miR-378, anti-miR-378-or GFP-transfected 
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miR-378 enhances liver cancer metastasis
To confirm the function of miR-378, aliquots of the two stably transfected cell lines were intraperitoneally injected into BALB/c nude mice. The mice were sacrificed and examined four weeks after the injection. Notably, four mice in the miR-378 group developed large abdomens because the mice in this group generated more ascitic fluid than those in the GFPHepG2 group (Fig. 3B and C) , and one of these mice died due to serious disease. Typical metastatic lesions in the liver were observed (Fig. 3D) in the miR-378 group. Nodules were detected, indicating the metastasis of the tumor cells to the liver. DNA was isolated from liver tissues and subjected to PCR to amplify the CMV promoter, which was used to drive miR-378 expression in the construct, to indicate the metastasis of the cancer cells. miR-378 expression significantly increased the CMV promoter levels (Fig. 3E) .
Repression of Fus expression by miR-378 transfection
Fus is reported to function as a tumor suppressor. Fus is a reported target of miR-378 [26] ; thus, we examined Fus expression in miR-378-, anti-miR-378-or GFP-transfected cells by flow cytometry and western blotting. The flow cytometry results showed that Fus expression decreased in miR-378-HepG2 cells and increased in anti-378-HepG2 cells (Fig. 4A  and B) . These results were confirmed by the western blot analysis (Fig. 4C and D) , suggesting that miR-378 inhibited Fus expression.
Discussion
Previous studies have shown that miR-378 is expressed in several cancer cell lines [31] , and the biological importance of miR-378 has gradually been elucidated. miR-378 is Cellular Physiology and Biochemistry involved in promoting cell survival, tumor growth, and angiogenesis in glioblastoma cells [26] , in regulating osteoblast differentiation [28] and in tumor cell self-renewal and chemoresistance [27] . However, the function of miR-378 in liver cancer cells has not been reported thus far. Thus, we examined the effect of miR-378 expression on liver cancer. In this study, we observed that liver cancer cells (HepG2) transfected with miR-378 acquired metastatic properties. Wound healing experiments and invasion assays were performed. The results showed that the miR-378-transfected cells promoted HepG2 cell migration and invasion more than the GFP-transfected cells.
Then, we tested the role of miR-378 in metastasis by introducing the transfected cells into four-week-old BALB/c nude mice via intraperitoneal injection. In the miR-378 group, one mouse died due to serious disease, and four of the mice developed large abdomens because the mice in this group generated more ascitic fluid than the mice in the GFP-HepG2 group. Typical metastatic lesions were found in the livers of the mice in the miR-378 group, suggesting that miR-378 promoted liver cell metastasis. As to the possibility of endogenous miR-378 expression, the CMV promoter is not endogenously expressed in mammalian cells, and thus its expression reflects the presence of transfected cells. We detected CMV promoter levels in mouse livers to reflect cancer cell metastasis. The result showed that CMV promoter expression increased in the liver tissues of the miR-378 group, suggesting that miR-378 promoted liver cell metastasis.
All of these results indicated that miR-378 promoted the metastasis of the liver cancer cells. We previously reported that miR-378 promotes cell survival, tumor growth and angiogenesis in a human primary glioblastoma cell line [26] ; however, the role of miR-378 in migration and metastasis in liver cancer has not been previously reported. In this paper, we revealed the function of miR-378 in liver cancer metastasis. Our study demonstrated that miR-378 enhanced liver cancer cell proliferation, migration, invasion and metastasis. In addition to these functions, miR-378 also participates in cellular self-renewal [27] and osteoblast differentiation regulation [28] . Thus, considering its biological characteristics, miR-378 is categorized as an oncogene. As we know, most miRNAs play roles as tumor suppressors, and only a few, including miR-106a [32] , miR-19a [33] and several others, are up-regulated in various cancers. This finding shows that miR-378 down-regulation may be a useful therapeutic strategy for inhibiting liver cancer growth and metastasis.
Then, we searched for the target protein of miR-378. Our previous results have demonstrated that miR-378 functions as an oncogene by enhancing tumor cell survival and tumor growth. Additionally, miR-378 acts on the tumor suppressor Fus-1 [26] . We detected Fus expression in miR-378-, anti-miR-378-and GFP-transfected cells by flow cytometry and by western blotting. The results showed that lower Fus expression was found in miR-378-HepG2 cells and that higher Fus expression was found in anti-378-HepG2. These findings suggested that miR-378 might promote liver cancer metastasis by down-regulating Fus expression. Other tumor suppressors may also be involved in miR-378 functions because miR-378 may target multiple mRNAs. These findings shed light on the possibility of targeting oncogenic miRNAs as a direction for gene therapy. Thus far, Charles Lu [34] has performed a systemic gene therapy phase I clinical trial with targeted Fus:cholesterol nanoparticles encapsulating a Fus expression plasmid, which is used in recurrent and/or metastatic lung cancer patients. It specifically altered Fus-regulated pathways and acquired anti-tumor effects. Soon, targeting oncogenic miRNAs for gene therapy will also be developed.
We have demonstrated that miR-378 can facilitate tumor cell metastasis and is highly expressed in border tissues compared with tumor tissues, promoting migration in miR-378-transfected cells and contributing to the metastasis of cancer cells in a mouse model. Additionally, this metastatic activity appears to be the consequence of the down-regulation of Fus expression. Our study provides an analysis of miR-378 functions for basic research and clinical applications.
